We consider the implications of low-energy precision tests of parity violation on t-channel mediator models explaining the top AF B excess measured by CDF and D0. Flavor-violating u-t or d-t couplings of new scalar or vector mediators generate at one-loop an anomalous contribution to the nuclear weak charge. As a result, atomic parity violation constraints disfavor at 3σ t-channel models that give rise to a greater than 20% AF B at the parton level for M tt > 450 GeV while not producing too large a tt cross-section. Even stronger constraints are expected through future measurements of the proton weak charge by the Q-Weak experiment.
Introduction: As the heaviest particle in the Standard Model (SM), the top quark provides a special window into new physics at the electroweak symmetry breaking scale. In fact, the most persistent anomaly to come from the Tevatron arises in the top system. Both the CDF and D0 collaborations have reported an excess in measurements of the tt forward-backward asymmetry A F B , favoring production of t in the incoming proton direction, andt in the incoming antiproton direction. CDF observed A F B = 0.475 ± 0.114 for tt invariant mass M tt > 450 GeV [1] at the parton level (A F B = 0.266 ± 0.062 at the signal level), a 3.4σ deviation from the SM next-to-leading order (NLO) prediction of 0.088 ± 0.013 (0.043 ± 0.009 at the signal level). D0 has confirmed the A F B excess, though without the dramatic rise at the high M tt [2] . At the signal level, within errors, the two experiments agree with each other.
Most new physics models that may account for this excess fall into two classes: s-channel and t-channel. The schannel models involve a new colored resonance with axial couplings (e.g., axigluons) [3] [4] [5] , although the simplest such models have become disfavored due to the absence of tt resonances at high invariant mass at the LHC [6] . The tchannel models feature a scalar or vector mediator, denoted M , with a flavor-violating coupling λ between u or d and t (ort), and can generate a large forward-backward asymmetry through a Rutherford enhancement [7, 8] . Heavy mediators (m M > m t ) have become disfavored by the invariant mass distribution and number of additional jets in tt events at the LHC [6] , due to a large tt + jet cross section from on-shell M production [9, 10] . Light mediators (m M < m t ) therefore are the most promising for evading collider constraints; on-shell M production does not contribute to tt since M cannot decay to t + jet.
In this Letter, we show that low-energy precision tests of parity-violating (PV) observables disfavor t-channel models for A F B . As shown in Fig. 1 , all t-channel models generically lead to an anomalous coupling of the Z boson to u or d quarks at one-loop, which is of order (λ
, for λ ∼ 1 and m M ∼ m t in order to explain A F B . Atomic parity violation (APV) measurements in cesium [11] provide the strongest constraints, at the level of 10 −3 , and the upcoming proton weak charge measurement by the Q-Weak experiment [12] is expected to give even stronger limits. We emphasize that PV measurements are particularly sensitive to t-channel models with light mediators, therefore providing a complementary test of models for A F B that are most easily hidden in collider searches. We consider here simple scalar and vector t-channel models, which have thus far evaded collider bounds, and find that they are strongly excluded by PV constraints.
Parity violation constraints: PV electron-quark interactions can be parametrized below the weak scale by an effective four-fermion interaction
(1) In the SM, the coefficients C 1q and C 2q arise at leading order via Z exchange: e.g., C 1u = − . APV experiments provide the most precise measurements of C 1q . Interference between γ and Z amplitudes give rise to PV atomic transitions sensitive to the nuclear weak charge
The strongest constraint is from cesium ( 133 Cs) [11] , for which the measured value Q W (Cs) = −73. 20 Another constraint on Eq. (1) is provided by the proton weak charge Q W (p) measured in parity-violating e-p elastic scattering (see [17] and references therein). Ref. [18] obtained Q W (p) = 0.054 (17) , in 1σ agreement with the SM value Q SM W (p) = 0.0713 (8) . The new physics reach in Q W (p) [19] will be dramatically improved by the Q-Weak experiment [12] , which aims to measure Q W (p) to 4%, corresponding to a 10 −3 sensitivity to C NP 1q . We consider new physics models, described below, that generate anomalous couplings of the Z to light quarks q = u, d, given by
where a NP L,R (q) parametrizes the new physics contribution. Constraints on these couplings from the hadronic Z width were considered previously in connection with A F B [20] , but are weaker than those from APV. In terms of Eq. (1), we have
since it is suppressed by the electron weak charge Q W (e) ≈ (−1 + 4s
Additional constraints on Eq. (3) arise from neutrino deep inelastic scattering (νDIS) experiments [21] . The low-energy ν-q interaction can be parametrized as
where
R (q) = 0.0309(10) measured in neutral-to-charged-current ratios of ν andν cross sections on isoscalar nuclear targets agree with SM predictions (g
Since a NP L,R enters predominantly via interference with the SM couplings ǫ L,R , νDIS gives weaker constraints on right-handed couplings.
New physics models for top A F B : We consider a set of simple models, given in Table I , to generate A F B through t-channel exchange of a scalar or vector mediator. We focus on mediators coupling t to u R only, thereby generating a
respectively; the former case requires an extended flavor-symmetric new physics sector [20] to avoid constraints from [22] , and the latter suffers from smaller parton luminosity, requiring larger couplings. In any case, APV is equally sensitive to all a NP L,R (u, d) since Cs is approximately isoscalar.
In order to calculate A F B , σ(tt) ℓj , and σ(tt) ℓℓ at leading order (LO) for tt+0,1 jet samples within new physics models, events were generated using MadGraph/MadEvent 5 v1.3.32 [23] and Pythia v6.420. MLM Matching, a fixed RG scale of 200 GeV, m t =172 GeV, and CTEQ6L1 parton distribution functions were used. Model files were generated using FeynRules v1.6.0. 10 5 events were generated for an array of mass and coupling values for each model. Contours were generated by interpolating between model points that saturated the given bounds.
For scalar mediators, we consider color triplet (ω) diquarks [24, 25] and a color singlet, weak doublet φ = (φ + , φ 0 ) [20, 22, 26, 27 ]. The latter model, for m φ 0 130 GeV, has been argued to provide the best fit among scalar mediators for A F B and other constraints [22] , while potentially accounting for flavor anomalies [28, 29] . For these mediators M = φ 0 , ω, the new physics coefficient is
Our results for the weak doublet model are shown in Fig. 2 . The blue and green lines show the preferred region for A F B , given at the parton level and including only new physics contributions, in the high (M tt > 450 GeV) and low (M tt < 450 GeV) invariant mass bins, respectively. We impose A high F B > 20% and A low F B < 20%. The line thickness corresponds to statistical uncertainty in our simulation. The total tt cross section σ(tt) has been measured at CDF in semileptonic (ℓj) and dileptonic (ℓℓ) channels (where ℓ = e, µ), both in agreement with SM prediction [30, 31] . We require σ(tt) agree with SM prediction at LO within ±30% in each channel, shown by the shaded regions; this large uncertainty reflects our ignorance of acceptance effects, NLO corrections, and uncertainties in the cross-section and top mass measurements. The φ 0 modifies σ(tt) ℓj and σ(tt) ℓℓ through both tt production and t decays, since t → φ 0 u is allowed (with φ 0 decaying hadronically via Cabibbo-suppressed coupling toū R c L ). Interference between QCD and φ 0 -mediated tt production is destructive, requiring a large O(λ 4 ) new physics-squared contribution to compensate. Moreover, σ(tt) ℓℓ is further suppressed, compared to σ(tt) ℓj , by the reduced leptonic branching ratio, requiring larger values of λ and leading to a tension between σ(tt) ℓℓ and σ(tt) ℓj .
The constraints from low-energy PV observables, shown in stronger constraints (thick dashed line). PV constraints similarly disfavor the diquark models. In Table II , we list a couple of diquark benchmark points that provide reasonable agreement with A F B and σ(tt), but give a large disagreement with PV measurements.
Next, we consider models with a vector mediator, denoted V ′ , coupled to t R -u R . We focus on the model of Ref. [10] : the SM is extended with an SU (2) X horizontal symmetry acting on (u, t) R , giving rise to a complex V ′ and a real, flavorconserving Z ′ , analogous to the SM W and Z. The fermion- gauge interactions are
where g X ≡ √ 2λ is the gauge coupling and ε corresponds to a vacuum misalignment between different SU (2) X -breaking Higgs fields. We assume ε ≪ 1, to avoid same-sign top production, and neglect O(ε 2 ) terms. The prefered region for collider constraints is: (i) m V ′ < m t , such that on-shell V ′ production does not contribute to the tt sample, since V ′ → uū can dominate over V ′ → ut * for ε = 0; and (ii) m Z ′ 130 GeV to avoid dijet bounds (m Z ′ TeV is also viable, but requires O(100)-dimensional SU (2) X Higgs representations) [10, 32] . This model generates a NP R (u), but it is not possible to compute a NP R (u) in a model-independent way since the theory is nonrenormalizable unless we specify how SU (2) X is spontaneously broken. Nevertheless, we can obtain a reasonable estimate for a NP R (u) by assuming these degrees of freedom enter at scale Λ, and treating Λ as a cut-off. We find
with the two terms corresponding to vertex and Z-Z ′ mixing contributions, respectively.
It is also useful to consider a specific ultraviolet completion of the SU (2) X model in which a NP R (u) can be computed. In order to break SU (2) X , we introduce two (SM singlet) scalar fields: a complex doublet S and a real triplet Σ, with vacuum expectation values (vevs) taken to be S = (0, v S ) and Σ = v Σ (−2ε, 0, 1)/ √ 2. We also introduce a massive vector quark t ′ ∼ (3, 1, 2/3), which is a singlet under SU (2) X , with mass m t ′ ≫ m t and Yukawa interactions
with antisymmetric tensor ǫ. The SM Higgs field is H ≡ (H + , H 0 ), with vev H 0 = v. Integrating out the t ′ generates the top mass m t = y 1 y 2 v S v/m t ′ . While S is required to generate m t , Σ is required to break the degeneracy between m
S /2 and to generate ε. (We neglect other SM quark masses.) Within this concrete realization, we have
with loop functions from vertex and Z-Z ′ mixing contributions, respectively, given by
In the m t ′ ≫ m V ′ , m t limit, Eq. (9) reproduces the log Λ dependence of Eq. (7), with Λ ≡ m t ′ . In Fig. 2 , we show that PV observables provide strong constraints on the SU (2) X model. The preferred region for A F B lies between the blue and green curves, while σ(tt) ℓℓ and σ(tt) ℓj measurements favor the overlap of the shaded regions. The solid curves show exclusion limits from APV measurements, and the dashed curve indicates the potential reach of the Q-Weak measurement, computed using Eq. (7) for m Z ′ = 120 GeV and Λ = 600 GeV. The dot-dashed lines show the corresponding PV constraints for the complete model, using Eq. (9), with m t ′ = Λ. The constraints become stronger for smaller values of m Z ′ or larger values of Λ. The difference in the limits obtained with Eqs. (7) and (9) gives a qualitative view of the model dependence in a NP R (u), and the agreement becomes much better for larger Λ. For light Z ′ , Z-Z ′ mixing dominates; for intermediate mass, 130 GeV < m Z ′ 1 TeV, there can be a cancellation between mixing and vertex terms, but this region is disfavored by dijet searches; for m Z ′ 1 TeV, the vertex terms dominate and a NP R (u) is comparable in size to the Q-Weak sensitivity.
Conclusions:
We studied in detail the most promising tchannel models for top A F B . We showed that these models, characterized by a new color singlet, weak doublet scalar and a new color singlet, weak singlet vector of low mass, are strongly disfavored by PV constraints. More generally, we showed that any low-mass t-channel model for top A F B will confront very strong bounds from atomic parity violation measurements.
